perfusion on arterial spin labeling MRI in dementia with Lewy bodies: Associations with clinical severity, glucose metabolism and tau PET. Ynicl (2018),
Introduction
Although dementia with Lewy bodies (DLB) is the second most common neurodegenerative dementia in older adults, the diagnostic accuracy has been suboptimal (1) and DLB remains underdiagnosed (2) in the clinical setting. In addition, pathology underlying clinically diagnosed patients with DLB is often mixed with AD pathology (3) (4) (5) (6) and these can be misdiagnosed as having AD. Diagnostic accuracy needs to improve because the spectrum of DLB clinical symptoms is variable and wide, and DLB patients are sensitive to atypical neuroleptics that are commonly prescribed to the elderly. DLB patients are characterized by parieto-occipital hypometabolism on 18Ffluorodeoxyglucose PET (FDG-PET) (7) (8) (9) , and visually preserved metabolism in the posterior cingulate cortex relative to hypometabolism in cuneus and precuneus, known as cingulate island sign (CIS) (9, 10) . The quantitative measure of metabolism in posterior cingulate gyrus divided by metabolism in precuneus and cuneus is CIS ratio (10) (henceforth FDG-CISr). A lower FDG-CISr has been associated with a higher Braak neurofibrillary tangle stage at autopsy (11) and a greater medial temporal atrophy on MRI (12) , but was not influenced by β-amyloid load on PET (11) . FDG-CISr has been considered highly specific for the diagnosis of probable DLB (10) , and has been recently included as a supportive biomarker in the fourth consensus report of the DLB Consortium (5) . However, unlike MRI, FDG-PET is less available in many clinical facilities.
Arterial spin labeling (ASL) (13, 14) is an MRI technique for quantitative measurement of the regional cerebral blood flow at the tissue level using the water molecules in the blood as endogenous magnetically labeled tracers. ASL can be included in a routine MRI examination and does not require injection of a radiotracer or contrast agent. Various ASL-MRI techniques have A C C E P T E D M A N U S C R I P T been used to evaluate patients within the AD spectrum (15) (16) (17) . The pseudo-continuous ASL (18) has demonstrated a very good reliability and precision compared to a gold standard perfusion 15 O-water PET in elderly and patients with AD dementia (19) where a short acquisition time is important (18, 19) .
It remains unclear whether regional changes in cortical perfusion on ASL-MRI, particularly in CIS regions (20, 21) are similar to hypometabolic changes on FDG-PET in DLB patients, and whether measuring the cortical perfusion on ASL MRI, particularly in regions that make up CIS, can be potentially useful for differentiating DLB patients from those with AD dementia.
Our objectives were first to assess the pattern of regional cortical perfusion using ASL-MRI in DLB patients and compare this pattern of regional cortical perfusion to regional metabolism on FDG-PET using voxel-wise approach. Second, to measure the perfusion and metabolism in the regions making up the CISr (henceforth ASL-CISr and FDG-CISr) using an atlas-based approach. Third, to determine the associations of ASL-CISr with composite medial temporal 18F-AV-1451 uptake on tau-PET which was chosen as proxy of an additional ADrelated neurofibrillary tangle pathology in DLB patients, and associations of ASL-CISr with severity of the clinical impairment in DLB patients.
Materials and Methods

Participants
This prospective study was approved by the Mayo Clinic Institutional Review Board in compliance with Health Insurance Portability and Accountability Act. All participants or their proxies provided a written informed consent prior to their participation. We included consecutive patients with clinically probable DLB (n=19) (22) who were evaluated at the Mayo Clinic (25) were used to assess the global cognition and clinical disease severity of patients with dementia.
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Ascertainment of DLB features
The presence, duration and severity of DLB clinical features, and the duration of dementia were evaluated. Visual hallucinations were considered present if they were well-formed and recurrent images of people, animals or objects. Fluctuations were considered as present if patients scored 3 or 4 points on the Mayo Clinic Fluctuations questionnaire (26 
Ascertainment of clinically unimpaired controls
A C C E P T E D M A N U S C R I P T
Criteria for being clinically unimpaired were independent functioning and normal performance on tests covering four cognitive domains (memory, language, executive, visuospatial). The raw score from each test was transformed into age-adjusted score using previously established normative data from the Mayo Clinic's Older Americans Normative Studies (28) on the participants from the same population. Participants scoring 1.0 SD or more than the age-specific mean in the general population were considered for possible cognitive impairment (29) . The final decision on normal cognition was established during a panel consensus after taking into account education, prior occupation, visual or hearing deficits, and reviewing all other participant's information.
To be included in the current study, all participants needed to undergo MRI with pseudocontinuous ASL. All participants underwent FDG-PET except for one DLB patient. All DLB patients were requested to undergo AV-1451 tau PET. Only participants with scans of sufficient technical quality and without comorbidities that could interfere with cognitive functioning (brain tumor, large cortical infarct, normal pressure hydrocephalus, traumatic brain injury, alcoholism) were included. We excluded two DLB, two AD patients and four controls due to excessive head motion prior to image analysis.
Imaging studies
To investigate the patterns of cortical hypoperfusion, cortical metabolism and similarities between the two patterns in DLB patients as compared to controls, we used voxel-wise analysis.
We further used an atlas-based approach to measure the perfusion and metabolism in regions that make up the ASL-CISr and FDG-CISr. CIS ratio denotes that the atlas-based measurement of perfusion or metabolism from the posterior cingulate cortex is divided by the perfusion or The relationship between the magnitude of ASL-CISr and severity of AD tau-related pathology in DLB patients was assessed using the AV-1451 uptake in a composite medial temporal region of the entorhinal cortex, parahippocampal gyrus and hippocampus. A study on differences in tau deposition by AV-1451 between DLB and AD patients (30) showed that a composite meta-ROI consisting of these regions distinguished patients with DLB from those with AD using AV-1451 tau PET. Thus, medial temporal AV-1451 uptake can be considered to reflect AD-related tau pathology in patients with DLB.
ASL-MRI acquisition
For anatomical segmentation and labeling, a T1-weighted 3-dimensional high resolution magnetization prepared rapid acquisition gradient echo sequence was performed on a 3 Tesla MRI scanner (GE Healthcare; Waukesha, Wisconsin) with an eight channel phased array head coil. During the acquisition, participants were wearing ear plugs and were asked to relax but were not asked to close their eyes.
Cerebral blood flow of the entire cerebral cortex was acquired using a product 3- weighted volume, and 4 discarded acquisitions to reach steady state were acquired, resulting in an overall scan duration of 4min 48s. The mean ASL difference image and the PD-weighted image were combined to calculate quantitative cerebral blood flow maps. Scans were visually inspected to ensure the whole brain coverage, and checked for image artefacts and only scans with sufficient quality were used for analysis.
Analysis of cortical perfusion on ASL-MRI
Individual pseudo-continuous ASL acquisitions were converted from DICOM to nifti-1 format, resulting in a single 4-dimensional nifti-1 volume where the first 3-dimensional volume was the PD and the second 3-dimensional volume was the PW -a difference between tag and control volumes. This was split into one 3-dimensional PD nifti-1 volume and one 3-dimensional PW nifti-1 volume. Each was co-registered to the participant's own T1-weighted volume using Statistical Parametric Mapping registration module, with the PD as the source and the T1weighted volume as the target, and this transformation was also applied to move the PW volume into the T1 space. The quantitative cerebral blood flow maps were generated by fitting a derivative of the general kinetic model based on PW and PD volumes, using the formula provided in the recommendations for implementation of ASL (31) .
We used 2-class partial volume correction in ASL analysis (32) .
Atlas-based parcellation of quantitative cerebral blood flow maps into regions of interest was performed by propagating an in-house modified version of the automated anatomic labeling To reduce the subject-to-subject variability of ASL cerebral blood flow, the mean blood flow of the whole cerebellum gray matter was chosen as an internal reference in both voxel-and atlas-based analyses. The mean blood flow in the numerator (posterior cingulate cortex) and denominator (precuneus+cuneus) components of the CISr were divided by the mean flow in the whole cerebellum gray matter. Since CISr was measured as perfusion in posterior cingulate region divided by perfusion in precuneus+cuneus, the internal reference was not needed in this measurement.
Acquisition and analysis of 18F-FDG-PET and 18F-AV1451 tau PET
Scans were acquired using PET/CT scanner (DRX; GE Healthcare; Milwaukee, Wisconsin) operating in 3-dimensional mode. Briefly, FDG-PET was performed after 30 minutes of uptake, with four 2-minute dynamic frames. A 20-minute AV-1451 PET scan was performed after 80 minutes of uptake. During the acquisition, participants were wearing ear plugs and were asked to relax but were not asked to close their eyes.
Individual FDG-PET and AV-1451 PET scans were co-registered to the participant's own T1weighted MRI with a subsequent atlas-based parcellation.
For AV-1451 PET used in the current study solely as a proxy of an additional AD-related pathology in DLB, the median standardized uptake value in left + right cerebellar crus was used as a reference (30) .
For FDG-PET and for a consistency with ASL-MRI analysis, the mean standardized uptake in the cerebellar gray matter has been chosen as a reference.
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2-class partial volume correction was used in tau-PET and FDG-PET analysis (32) .
The patterns of hypoperfusion on ASL-MRI and hypometabolism on FDG-PET in DLB patients were derived from an exploratory voxel-based analysis of the cortical gray matter using multiple regressions in Statistic Parametric Mapping. Smoothing was not applied. DLB patients were compared to controls using t-test and cluster size k of minimum 100 voxels. Comparisons were displayed as uncorrected for multiple comparisons (p<0.001) to show the full range of differences, and applying the voxel-wise family wise error correction for multiple comparisons (FWE; p<0.05).
Statistical analysis
Participants' characteristics were summarized using means and standard deviations (SD) or proportions (%). Continuous variables were compared across clinical groups using analysis of variance with a random block design to account for matching, followed by a priori chosen contrasts for pair-wise comparisons. The dummy (0, 1) variables (or blocks) were included as predictors in the models to account for the matching. Associations between continuous variables (FDG-CISr and ASL-CISr) among all were expressed as the partial correlations and were calculated after adjustment for the blocks. Categorical variables were compared between DLB and AD groups and between DLB and controls using either conditional logistic regression or exact conditional logistic regression. Associations between continuous variables in DLB patients where appropriate were assessed using Pearson correlations and their associated p-values. Medial temporal composite AV-1451 standardized uptake value ratio was log-transformed to meet the model assumptions.
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Area under the receiver operating characteristic curve statistics with 95% confidence intervals (CI) was calculated to measure the performance of ASL-CISr and FDG-CISr when distinguishing between DLB and AD patients. Analyses were performed using SAS version 9.4 and R statistical software version 3.1.1 http://www.R-project.org with significance set at type I error rate α <0.05.
Results
Participants' characteristics
Demographic and clinical characteristics are summarized in table 1. Due to matching, no differences in age were observed between DLB and AD dementia patients. As expected, there were more women in AD than DLB group due to sex-based differences between the two disorders. No differences in the education or functional measures of clinical impairment were observed between DLB and AD group by CDR-SOB and DRS; however MMSE was lower in AD than in DLB group (p=0.003). APOE ε4 carriers were more prevalent in AD group (p=0.016). 
Pattern of hypoperfusion in DLB patients
Magnitude of ASL-CISr and FDG-CISr by clinical group
CISr were consistently highest in DLB and lowest in AD dementia patients on both ASL and FDG-PET ( figure 2) . On pair-wise comparisons of ASL-CISr, DLB had higher ASL-CISr than AD dementia patients (p<0.001) and controls (p=0.007). On pair-wise comparisons of FDG-CISr, DLB patients also had higher FDG-CISr than both AD dementia patients and controls (p<0.001). The magnitude of ASL-CISr was slightly higher than FDG-CISr for a given clinical group.
Correlation between ASL-CISr and FDG-CISr
The ASL-CISr correlated with FDG-CISr among all participants using partial correlations accounting for the matching and in DLB patients using Pearson correlation (figure 3).
Relationship between medial temporal AV-1451 uptake and ASL-CISr in DLB
As expected, AD dementia patients had the highest whereas controls had the lowest medial temporal AV-1451 uptake (p<0.001). DLB patients had higher medial temporal AV-1451 uptake than controls (p=0.022). A higher medial temporal AV-1451 uptake correlated with lower ASL-CISr in DLB patients (r=-0.50; p=0.03; figure 4 ). 
Regional perfusion in CISr regions and clinical impairment in DLB
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Associations between ASL-CISr and MMSE, DRS, CDR-SOB or motor UPDRS were not observed. However, a lower perfusion in precuneus+cuneus (relative to perfusion in cerebellum) which make up the denominator of the CISr correlated with a higher CDR-SOB (r=-0.57; p=0.012) and with lower DRS (r=0.54; p=0.038) and lower MMSE (r=0.50; p=0.043) corresponding to a worse global cognitive or functional impairment in DLB patients.
Utilizing CIS ratios to distinguish the DLB from AD patients
The receiver operating characteristics (ROC) curves with associated area under the ROC (AUROC) were calculated for ASL-CISr and for FDG-CISr used to distinguish between DLB and AD dementia patients. Although FDG-CISr performed better (AUROC 0.91; 95% CI 0.79-1.00), the accuracy of ASL-CISr was also good (0.80; 95% CI 0.65-0.95), figure 6.
Discussion
In this study, we demonstrated that patients with DLB had relatively spared regional perfusion in the posterior cingulate cortex in contrast with a hypoperfusion in precuneus and cuneus on ASL-MRI. Voxel-wise findings of hypoperfusion on ASL-MRI were similar to hypometabolism on FDG-PET in DLB, especially in posterior parietal and occipital regions, and the magnitude of ASL-CISr correlated with FDG-CISr. Conversely, AD dementia patients had severe hypoperfusion in posterior cingulate cortex; therefore ASL-CISr was higher in DLB than in AD dementia patients. Lower ASL-CISr in DLB patients was associated with a higher medial temporal AV-1451 uptake, a proxy of additional AD tau-related pathology in DLB patients.
Lower perfusion in precuneus and cuneus that make up the denominator of ASL-CISr was associated with a greater clinical impairment by global cognitive and functional scores. Although
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the accuracy of FDG-CISr for distinguishing between DLB and AD dementia patients was higher, the accuracy of ASL-CISr was also good.
Only a few recent studies investigated ASL-MRI perfusion in a smaller number of DLB patients compared to controls (34) (35) (36) . The severity and distribution of hypoperfusion in DLB patients varied, likely due to various methods used for ASL-MRI acquisition (sometimes not covering the entire brain or covering only a selected section), post-processing, and utilizing various voxel cluster thresholds at various significance levels. One of more consistent finding across these studies (34, 35) was hypoperfusion in precuneus and cuneus. Recently, a pattern of relatively preserved perfusion in the posterior cingulate cortex and cingulate island sign in DLB patients was also confirmed on perfusion SPECT imaging (20, 21, 37) . Comparison of ASL-MRI with FDG-PET, a well-established functional method included as supportive feature for DLB diagnosis (5, 22) has not been performed.
The pattern of hypoperfusion in our cohort of DLB patients was similar to the hypometabolic pattern on FDG-PET (7, 9, 38) although the involvement on FDG-PET was more severe, especially in cuneus, and included voxels in lingual and frontal cortices. Similarly, highly correlated patterns have been observed in early phase perfusion of AV-1451 PET and glucose hypometabolism on FDG-PET in a variety of neurodegenerative diseases (39) .
The consistent findings of relatively spared perfusion in posterior cingulate gyrus, hypoperfusion in precuneus and cuneus, and particularly their ratio ASL-CISr that we investigated in the current study, may be of added value for assessment of patients for DLB.
ASL-CISr was highest in DLB and lowest in AD dementia patients, a finding consistent with
FDG-CISr, although two AD dementia patients had higher ASL-CISr than expected (figure 2).
Patients with atypical AD such as posterior cortical atrophy can have higher FDG-CISr (and
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potentially also higher ASL-CISr), although CISr and occipital involvement would be typically asymmetrical in posterior cortical atrophy (40) .
ASL-MRI and FDG-PET are measuring two interrelated processes; perfusion and metabolism (41) . We found a good correlation between the FDG-PET and ASL findings in DLB patients. However, the magnitude of ASL-CISr was slightly higher than FDG-CISr in a given clinical group. This may be explained by potential regional (posterior cingulate versus cuneus and precuneus) differences in perfusion and metabolism (17) on ASL and FDG-PET, although the pattern of hypoperfusion overlapped with hypometabolism.
Higher composite medial temporal AV-1451 uptake on tau PET was associated with lower ASL-CISr, in agreement with a previous finding of a higher neurofibrillary tangle Braak stage at autopsy correlating with a lower FDG-CISr (10, 11) . This relationship is likely a reflection of greater AD-related neurofibrillary tangle pathology in the limbic network of those patients who have overlapping AD and Lewy body pathology. Posterior cingulate cortex is a part of the limbic network that is affected by AD-related neurofibrillary tangle pathology since the early stage of the disease (42, 43) , and may be less targeted by Lewy body pathology (10) . The relationship between a higher composite medial temporal AV-1451 uptake and lower ASL-CISr, however, needs to be interpreted with a caution since there were a few DLB patients with low medial temporal AV-1451 uptake who also had lower ASL-CISr values where higher ASL-CISr values would be expected instead. Other underlying pathologies than neurofibrillary tangle tau pathology, such as hippocampal sclerosis, TAR DNA-binding protein 43 or cerebrovascular disease could contribute to this. Presence of these pathologies could explain lower AV-1451 uptake in DLB patients with lower ASL-CISr, in whom higher ASL-CISr values were expected in the presumed absence of neurofibrillary tangle tau pathology.
Among DLB patients, neuroimaging markers of AD-related pathology such as hippocampal volumes predict the treatment response with acetylcholinesterase inhibitors (44) , therefore, ASL-CISr which is associated with neurofibrillary tangle pathology may serve as a prognostic biomarker but further research will be required.
Our consecutive DLB patients were mildly demented. We did not include DLB patients with more severe clinical disease as it has been challenging to acquire multimodality imaging of sufficient quality from DLB patients with moderate to severe dementia, a frequent problem in multimodality imaging studies in DLB patients. At this milder stage, a lower perfusion in precuneus and cuneus, relative to perfusion in cerebellar gray matter, correlated with greater clinical impairment by higher CDR-SOB, lower DRS and lower MMSE. However, there was no correlation between ASL-CISr as such and clinical disease severity; or between perfusion in the posterior cingulate cortex relative to cerebellum and the clinical measures of disease severity.
This may be due to the relatively lower amount of AD-related tau pathology in posterior cingulate cortex in our DLB patients, or because the perfusion in precuneus and cuneus (as opposed to perfusion in posterior cingulate cortex) may reflect the severity of underlying pathologies, their interactions and associated clinical impairment more optimally. The Lewy body and AD-related pathologies may also progress at the different rates in these regions; a recent study using serial SPECT (37) reported that CISr was initially low in prodromal DLB patients, then high in mild DLB patients and again lower on follow up SPECT in DLB patients, potentially due to the progression of AD-related pathology.
AUROC statistics is commonly used to compare the diagnostic imaging methods. Using AUROC statistics, FDG-CISr was more accurate than ASL in distinguishing DLB and AD dementia patients possibly due to lower signal-to-noise ratio of the ASL acquisition. However,
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ASL-CISr also performed favorably with good sensitivity. Using a head array receiver coil with a higher number of channels, or increasing the number of averages could potentially increase the diagnostic accuracy for ASL-CISr measurement. Given the practical advantages of ASL, ASL-CISr may be considered as a potential screening tool for DLB in the clinical settings.
An internal reference region is needed in the quantitative analysis of cerebral blood flow because of the wide subject-to-subject variability in cerebral perfusion. We chose the whole cerebellar gray matter as an internal reference for ASL, and for consistency for FDG-PET, for the following reasons: 1) The ASL acquisition covered the entire cerebral and cerebellar hemispheres and signal-to-noise ratio in the cerebellum was on par with that of the cerebrum; 2) cerebellum has not been preferentially affected by either Lewy body or AD pathology.
ASL-MRI is a non-invasive and radiotracer-free imaging modality that may be considered and further developed as tool for screening and diagnosis of DLB in a wide range of the clinical facilities where FDG-PET is not accessible.
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